Abstract: We report on the generation of bright-dark pulse pair in a figure-eight dispersionmanaged (DM) passively mode-locked fiber laser with net anomalous cavity group velocity dispersion (GVD). The nonlinear amplifying loop mirror (NALM) is employed in this configuration to allow for passively mode-locked operation. Through carefully adjusting the polarization controllers (PCs), the bright-dark pulse pair could be easily achieved. Furthermore, it is found experimentally that the pulse pair is formed due to the cross coupling between the bright and dark pulses, which are located at two different wavebands.
Introduction
In recent decades, the passively mode-locked fiber lasers have been extensively investigated for generating ultrashort pulses, which have widely practical applications in fields such as optical communication, optical sensor, industry, and medicine [1] - [4] . In particular, fiber lasers have been demonstrated as powerful tools for studying the pulse evolutions in nonlinear systems, and the pulse evolutions can contribute to the understanding of the dynamics of fiber lasers. Therefore, there is always a strong motivation to research various pulse evolutions via controlling the parameters of fiber lasers.
To date, different kinds of pulses, such as soliton-similariton pulse evolution [5] , femtosecond pulse [6] , square pulse [7] , stable bound solitons [8] , noiselike pulse [9] , dissipative soliton [10] - [12] , and multiwavelength pulses [13] , [14] , have been experimentally observed in passively modelocked fiber lasers. However, all of the fiber lasers mentioned above just only emit the bright pulses. In recent years, the generation of dark soliton in fiber lasers has also attracted much attention. Comparing with bright solitons, dark solitons have several advantages [15] , such as better stability in the presence of noise, being less influenced by intrapulse stimulated Raman scattering (ISRS), and having potential applications in optical communications. In 2002, Sylvestre et al. experimentally demonstrated the generation of dark soliton train in a self-induced modulation instability laser relying on a dissipative four-wave mixing process for passive mode locking [16] . Then, Zhang et al. realized dark solitons in an all-anomalous dispersion fiber ring laser using the nonlinear polarization rotation (NPR) technique [17] . Later, dark pulses were observed in dispersion-managed (DM) fiber ring lasers with either net normal or net anomalous cavity group velocity dispersion (GVD) [18] , [19] . Moreover, domain wall dark pulses were theoretically predicted and then experimentally observed in fiber lasers [20] - [24] .
On the other hand, the dynamics of bright and dark solitons propagating in the medium is theoretically analyzed by nonlinear Schrö dinger equation (NLSE). It has been theoretically shown that a DM fiber transmission line supports both bright and dark solitons [25] , [26] . And the bright and dark solitons can coexist in fiber system based on the cross-phase modulation [27] , [28] . Moreover, dark-bright, bright-dark, bright-bright, and combined bright-dark soliton pairs are stationary solutions of coupled higher-order NLSE in fiber systems [29] . Therefore, it would be interesting to know whether the bright-dark pulse could coexist in fiber lasers.
In this paper, we report the experimental observation of bright-dark pulse pair in a DM figureeight fiber laser with net anomalous cavity GVD. The passively mode-locked operation of the fiber laser is achieved by employing the nonlinear amplifying loop mirror (NALM). It was experimentally found that the pulse pair is formed mainly due to the cross coupling between the bright and dark pulses with different wavebands. The mechanism responsible for the bright-dark pulse-pair generation is also discussed.
Experimental Setup
The experimental setup is schematically shown in Fig. 1 . It is a DM figure-eight fiber laser based on a NALM that connects to a unidirectional ring (UR) cavity through a 50/50 fiber coupler. The NALM contains two kinds of fiber: a 1.8-m-long erbium-doped fiber (EDF) with a dispersion parameter D % À15 ps=ðnm Á kmÞ and a 30-m-long single mode fiber (SMF) with a dispersion parameter D ¼ 17 ps=ðnm Á kmÞ. Therefore, the net cavity dispersion is a negative value of À1:125 ps 2 at 1550 nm. The UR cavity consists of 26.2-m SMF. Thus, the total cavity length is $58 m, corresponding to a fundamental repetition rate of 3.64 MHz. The EDF is pumped by two 980-nm laser diodes with the total highest pump power of 350 mW through two wavelength division multiplexers (WDMs). The UR part is composed of a polarization insensitive optical isolator (ISO) assuring the unidirectional operation and a 90/10 output coupler. Two polarization controllers (PCs) are employed to adjust the polarization states of the pulses. Consequently, for high enough pump power and suitable length of the NALM, the mode-locked pulse could be obtained in the DM figure-eight fiber laser via properly rotating the PCs. The pulse spectrum and the output pulse train are investigated with an optical spectrum analyzer and an oscilloscope, respectively. 
Results and Discussions
During the process of experiment, when the pump power was increased to the mode-locking threshold of about 78 mW, the stable bright soliton with the fundamental repetition rate can be easily observed via appropriately adjusting the PCs. However, when the pump power was increased to a high value, the multiple pulses can be observed occasionally due to the pulse splitting [30] . The temporal waveform and the corresponding optical spectrum of the mode-locked pulse with the fundamental repetition rate are shown in Fig. 2 . As can be seen in Fig. 2(a) , the central wavelength is 1562.24 nm and the 3-dB bandwidth of the spectrum is about 1.5 nm. The mode-locked pulse train is shown in Fig. 2(b) . The repetition rate is 3.64 MHz. Correspondingly, we also showed the autocorrelation trace in the inset of Fig. 2(b) . If a sech 2 pulse shape is assumed, the pulse duration is $1.887 ps. Therefore, the time-bandwidth product (TBP) is $0.349.
Keeping the pump power unalterable and slightly adjusting the PCs, it was noticed that a bright pulse together with a dark pulse could be generated in the fiber laser, as called bright-dark pulse pair. In addition, we have also observed the laser performance with different pump powers. As long as the pump power is increased above the mode-locking threshold, the bright-dark pulse-pair emission can be always obtained by properly adjusting the PCs. Fig. 3(a) presents the typical bright-dark pulse train with the fundamental repetition rate on oscilloscope. The depth of the dark pulse is nearly equal to the intensity of the bright pulse in uniform CW background. It should be pointed out that the bright-dark pulse pair was very stable if the cavity parameters were fixed in the experiment. Fig. 3(b) shows the corresponding spectrum of dark-bright pulse pair. As can be seen in Fig. 3(b) , the pulse spectrum contains two wavebands, which results from the combination of laser gain and cavity filtering effect [31] . One waveband is multiwavelength lasing operation around 1559 nm. The other one with soliton sideband generation is a typical spectrum of bright soliton. The 
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Bright-Dark Pulse Pair in a DM Fiber Laser central wavelength is 1567 nm and the spectral bandwidth is $1 nm. It is also to note that the bright or dark pulses could appear individually by carefully adjusting the PCs. However, in the case of dark pulse generation, the lasing spectrum only appears at the 1559-nm waveband. Therefore, we assume that the waveband at shorter wavelength corresponds to dark pulse and the waveband at longer wavelength to bright pulse. After formatting dark and bright pulses in the laser cavity, they coexist and copropagate stably in the fiber laser by the cross-coupling effect. Then, we could obtain bright-dark pulse-pair output from the fiber laser. In order to confirm this hypothesis, a tunable filter (tuning range: 1520 nm to 1590 nm; 3-dB bandwidth: $0.9 nm) was utilized to separate the laser emissions. As expected, we observed that the waveband at longer wavelength corresponds to the bright pulses and the other is the dark pulses. Fig. 4(a) shows the separated spectra of pulse pair. Fig. 4(b) displays the filtered bright pulse train on oscilloscope. Also, we have shown the autocorrelation trace of the bright pulse in the inset of Fig. 4(b) . If the fit of hyperbolic secant pulse shape is assumed, the pulse duration is 2.89 ps. Thus, the TBP of the bright pulse is $0.321, suggesting that the bright pulse is a typical NLSE soliton. Then, we tuned the operation wavelength of the filter to around 1559 nm. In this case, only the dark-pulse train appeared on the oscillograph, as shown in Fig. 4(c) . It is worthwhile to note that the tunable filter cannot separate each wavelength of the waveband at shorter wavelength due to the 0.9-nm filter bandwidth. However, the dark pulse could always exist when the filter was tuned in this waveband, indicating that the dark pulse should be the dual-wavelength domain wall dark pulse [21] , [23] . Due to the low pulse repetition rate and the limited bandwidth of the oscilloscope and photodetector, the pulse width of the dark pulse could not be accurately measured [16] , [32] . Based on the experimental observation, therefore we concluded that the bright-dark pulse pair is composed of two laser beams with different wavebands. In addition, although the bright and dark pulses are located at different wavelengths, they are bunched together as a unit and propagated stably in the laser cavity, which can be regarded as a group velocity locked pulse pair [33] . Thus, the formation and stable propagation of bright-dark pulse pair in the DM figure-eight fiber laser may be mainly due to the cross-phase modulation between the bright and dark pulses [27] , [28] .
In order to further study the polarization characteristics of the bright-dark pulse pair, an external cavity rotatable polarizer is used to observe alteration of the pulse-pair profiles. Through rotating the polarizer from 0 to 360 , the bright and dark pulses could be eliminated in turn. The separated measurement of the pulse pair with the external cavity polarizer is shown in Fig. 5 . Therefore, we can conclude that both the bright and dark pulses in pulse pair were linearly polarized light with different electrical vector vibration directions.
In the experiment, we have also investigated the propagation of the bright-dark pulse pair in the fiber system. To this end, the output soliton pair train with fundamental repetition rate was launched into a section of standard SMF with 30-km length. After transmitting in the SMF, it can be seen that the soliton pair was still combined together stably on oscilloscope. It implies that the bright-dark pulse pair emitted from the proposed fiber laser could propagate stably in long distance fiber system.
Conclusion
In summary, we have experimentally observed bright-dark pulse pair in a DM figure-eight fiber laser with net anomalous cavity dispersion. The NALM is employed in this configuration to allow for passively mode-locked operation. In the experiment, through carefully changing the polarization state of light, the bright-dark pulse pair could be easily obtained. Furthermore, the formation and stable propagation of the bright-dark pulse pair are mainly due to the cross-coupling effect between the bright and dark pulses located at two lasing wavebands.
